The permeability of intact gas vesicles, isolated from the cyanobacterium Anabaena flos-aquae, to percyclofluorobutane (C4F,), has been investigated by two methods. Warburg manometry showed that a suspension of intact gas vesicles exchanges more C,F, than an equivalent suspension of collapsed ones. Pressure nephelometry showed that increasing the partial pressure of C4F, in solution caused a corresponding increase in apparent critical collapse pressure of the gas vesicles. From these observations it is concluded that C4F, is able to permeate freely through the gas vesicle wall. If it permeates via pores, these must be at least as large as the gas molecules, which have a collision diameter of 0.63 nm. Warburg manometry showed that the volume of C4F, exchanged exceeds the volume of gas-vesicle gas space, and this indicates that, in addition, there is specific absorption of the gas, probably on the inner, gas-facing surface of the gas vesicle wall.
I N T R O D U C T I O N
The gas vesicle of prokaryotic micro-organisms is a hollow, rigid structure, formed from a shell of protein (see Walsby, 1972) . The space inside the structure, which is free of solid or liquid substances, normally contains gas because the proteinaceous wall is permeable to the atmospheric gases. When the gas vesicle is suspended in water the dissolved gases equilibrate freely across the gas vesicle wall and their partial pressures inside the structure will be identical to those of the gases in the surrounding solution. Inside the living micro-organisms, therefore, the gas vesicle will usually contain air in which the proportions of the constituent gases are modified by the metabolic activities of the surrounding cytoplasm (Walsby, 1969) .
Previous studies have shown that gas vesicles are freely permeable to nitrogen, oxygen, argon, carbon dioxide, carbon monoxide, hydrogen and methane (Walsby, 1969 (Walsby, , 1971 ). The gas vesicle is a rigid structure (Walsby, 1971) . It is made up of a single type of protein arranged in a crystalline array and the adjacent protein molecules are locked together in a P-sheet configuration by hydrogen bonding (Blaurock & Walsby, 1976 ). In such a structure it is likely that the gases which permeate it must pass by channels or pores that occur either within or, more probably, between the individual protein molecules. If so, the pores must be large enough to accommodate the permeating gases.
An estimate of the pore size of porous structures can be obtained from the sizes of molecules which either permeate or are excluded from them. In studies with porous zeolite crystals with apertures of known size, it was demonstrated that the best estimate of pore size would be obtained from the collision diameter (0) of the largest molecules which permeate (Breck, 1974) . The largest of the molecules so far shown to permeate the gas vesicle is methane, CT = 0.38 nm.
In this paper I report the permeability of gas vesicles to perfluorocyclobutane (C,F,), a gas with a molecular collision diameter 0 = 0.63 nm. Two methods have previously been used to demonstrate that gas vesicles are permeable to particular gases. The first used Warburg manometry to demonstrate that the amount of extra gas exchanged by a suspension containing intact gas vesicles depended on the volume enclosed by the intact gas vesicles present (Walsby, 1969) . This method could be used without modification with C,F, but produced anomalous results, suggesting specific absorption by the vesicles. The second method used to demonstrate gas permeability was to take a suspension of gas vesicles spread in a thin film and to show that the vesicles survived gas pressures well in excess of their critical collapse pressure if the gas pressure was raised slowly enough (Walsby, 1971) . They survive because as the overlying gas pressure is raised the gas diffuses into the suspending solution and through the gas vesicle wall so that the dzflerential pressure across the wall required to cause collapse (known as the critical pressure) is not achieved. This experiment per se cannot be carried out with C,F, because its saturation vapour pressure is about only 2.3 bar (0.23 MPa) (1-25 bar above ambient pressure) whereas the mean critical pressure of the gas vesicles used is about 6 bar. However, a modification of this experiment was devised to demonstrate that C,F, did penetrate the gas vesicle and contribute to the gas pressure inside it.
M E T H O D S
Isolation of gas vesicles. Intact gas vesicles were isolated from the strain of Anabaena flos-aquae used in previous investigations (see Booker & Walsby, 1979) and maintained in the Culture Centre of Algae and Protozoa, Cambridge, U.K., as culture 1403/13f. The procedure used for gas vesicle isolation was that described by Walsby & Buckland (1969) as modified by Armstrong & Walsby (1979) .
Warburg manometry. The gas exchange capacity of the gas vesicle suspensions was measured using the modified Warburg apparatus identical to that described by Walsby (1969) in all respects except that the sensitivity of the apparatus was increased approximately threefold by reducing the size of the flasks and the free gas space in the manometer.
The same weight of an intact gas vesicle suspension, 2.14 g, was placed in each of two Warburg flasks. The gas vesicles in one of the flasks were collapsed by pressurizing rapidly to 16 bar, in the pressure cylinder described by Walsby (1971) . The sample was pressurized several times, with intervening mixing to collapse gas vesicles which survived near the surface of the suspension on the first pressurization. The volume of suspension in the first flask (2.21 ml) was calculated after measuring the density of gas vesicle suspension (0.970 g ~r n -~) in a specially constructed stoppered glass tube with 0.2 mm bore capillary tube attached. Using the same device the volume of gas-filled space in the suspension (25 pl gas space per ml of suspension) was determined, and from this figure the volume of the pressurized suspension (2-16 ml) was calculated. The flasks were attached to their manometers and equilibrated with shaking, at 120 times min-'. under air. The pressure of the overlying gas phase was reduced to approximately 0.3 atm and the amount of gas subsequently evolved from the suspension in each flask was determined from measurements made on the manometer, using the method described in detail by Walsby (1969) . Air was readmitted, returning the gas phase to ambient pressure, and the amount of gas taken up by the suspensions was again measured. This cycle of measurements was repeated to provide an estimate of the gas vesicle gas space that was available to gas exchange, in the first flask.
The gas phase was next flushed with C4F8 by repeatedly evacuating and filling with the gas, while shaking to equilibrate with the gas dissolved in the suspensions. The amount of C4F, taken up by the suspension on increasing the gas pressure, and evolved by the suspension on decreasing the gas pressure, was then measured on two successive cycles, as previously described for air. The flasks were then re-equilibrated with air and the gas exchange capacity remeasured with air, to check that the volume of intact gas vesicles was not changing during successive cycles. (There was no significant change, see Table 1 ). Finally, the flasks were again re-equilibrated with C4F8 and its gas exchange was re-measured.
The following other details were used in calculating the data given in Table 1 . (a) The volumes of the gas phases (VL, V,) over the suspensions with intact and collapsed gas vesicles were 8.344 ml and 8.160 ml, respectively, in runs 1 to 9 and 8.526 ml and 7.985 ml, respectively, in runs 10 to 16. The flasks and manometers were exchanged after run 10 to eliminate the possibility of a specific flask effect. (b) The amount of gas evolved from the intact gas vesicles after a given pressure change was calculated from the expression given by Walsby (1969; equation 8) :
where h' is the rise in the level of the Warburg manometer fluid after equilibration in the flask with intact gas vesicles, h is the rise in the flask with collapsed gas vesicles, T is the absolute temperature, V, is the volume of water in the gas vesicle suspensions (2-149 ml, the volume of the suspension of collapsed gas vesicles less the volume of collapsed vesicles), a is the absorption coefficient of the gas (0.0186 for air and 0.0056 for C4F8), and Po (= 10000) is the standard pressure in mm of the manometer fluid, Brodie's fluid. (c) The volume of the gas-vesicle gas space in the suspension was calculated from the volume of air exchanged using the expression
given by Walsby (1969; equation 9), where P -P' is the initial change in pressure of the gas phase. (d) The volumes of gas evolved into the gas phase after a pressure change, plotted in Fig. 1 , were calculated using the expression x = hVg(273)/TP,.
Measurement of gas vesicle collapse pressures. The proportion of gas vesicles collapsing under pressure was determined from measurements of light scattering made with a pressure nephelometer as described by Walsby (1973 Walsby ( , 1980 . Measurements were made after equilibrating the gas vesicle suspension with air at the ambient pressure, and also after shaking with air or C4F8, at a pressure of 1.25 bar above the ambient pressure, for several minutes, in the nephelometer tube. In the experiments performed with C4F8 the gas vesicle suspension was first bubbled with the gas to remove dissolved air and the gas space above the nephelometer tube was filled and emptied five times with the gas, also to displace air.
R E S U L T S A N D D I S C U S S I O N
Warburg manometry When the air pressure was decreased over the suspensions of isolated gas vesicles that had been equilibrated with air at ambient pressure, gas was gradually evolved into the overlying gas phase and measured on the Warburg manometer. As shown in Fig. 1 , more gas was evolved from the suspension of intact vesicles than from the suspension of collapsed gas vesicles. From the difference in volume of gas evolved from the two suspensions, the volume of gas-vesicle gas space in the suspension of intact vesicles can be calculated using the equations of Walsby (1969). The results of a series of gas-exchange measurements made following increases or decreases in the overlying air pressure are summarized in Table 1 .
After the Warburg manometry experiments with air and with C,F, (reported below), samples of the suspension of intact vesicles were taken and the volume of gas vesicle gas space was determined by compression in the special capillary tube. From these measurements the original volume of gas vesicle gas space in the Warburg flask was calculated to be 56.2 k 5 . 7 p.l (95 % confidence limits). This is in agreement with the value obtained by Warburg manometry, 55.1 & 9 -2 11, and confirms that no significant irreversible change occurred in the volume of gas vesicles after exposure to C4F,.
The measurements of gas exchange using C4F, showed a number of differences (see Fig. 1 and Table 1 ). First, the rate of gas exchange was slower than for air; this is to be expected because the exchange rate depends on the rate of diffusion which, by Graham's law, is slower for a larger gas molecule. Secondly, the volume of C4F, taken up by the suspension of collapsed gas vesicles was about a third of the volume of air taken up, following a similar rise in gas pressure; this is also expected because the solubility coefficient of C4F, in water (0.0056 at 25 "C; P. Rathbone, personal communication) is about a third of that of air (000186). Thirdly, the volume of C4F, taken up by the suspension of intact gas vesicles was substantially greater than the volume of air that was taken up. Because the rate of uptake was so slow and decreased with time, it was uncertain whether the system had come fully to equilibrium even after shaking for an hour or more. The release of gas from solution, following partial evacuation of the overlying gas phase, similarly proceeded very slowly.
There was nothing anomalous about the absorption of C,F, by the suspension of collapsed gas vesicles, but the extra amount absorbed by the intact vesicles exceeded the volume of gas space they enclosed. This seemed to indicate that there must be some specific absorption or condensation of the C4F, on or in the intact vesicles. In a sense, if there had to be some specific absorption to explain the anomalous results, it remained to be proved that any of the uptake resulted from the gas entering the gas spaces of the gas vesicles. However, this was demonstrated by another type of experiment. t On the assumption that there is no specific absorption, which is obviously invalid for C4F,.
A . E. W A L S B Y
Eflect of dissolved C,F, on the pressure required to collapse gas vesicles An aqueous suspension of gas vesicles was saturated with air at the ambient pressure by shaking for several minutes. Because the gas vesicles are known to be freely permeable to air it is known that they will have filled with air at the ambient pressure. The collapse of the gas vesicles with pressure was investigated by pressure nephelometry and it was found that 50% collapsed at a pressure of 5 e 9 bar above the ambient pressure (Fig. 2) . Thus 5 -9 bar is the mean critical pressure of the vesicles.
When samples of the same gas vesicle suspension were shaken with air at a pressure of 1.3 bar above the ambient pressure for 2 min, the pressure required to collapse 50% of the gas vesicles increased to 6.6 bar, and after 5.5 min shaking it increased by 1.3 bar to 7.2 bar (Fig. 2) . No further increase occurred on shaking for longer periods. The increase in 50% collapse pressure by 1.3 bar indicated that the air had equilibrated throughout the system, from the overlying gas phase through the suspension to the gas spaces of the vesicles.
Similar measurements were carried out after shaking the gas vesicle suspension with C4F, for different times. After 2 min shaking the 50% collapse pressure had risen to 6 . 4 bar, after 5 min it had risen to 6 -8 bar, and after 8 rnin shaking it had risen by 1.0 bar to 6 -9 bar (Fig.  2) . Evidently the C4F, took much longer to equilibrate than the air, as also indicated by the Warburg experiments. However, it is clear that it had entered the gas vesicles as a gas and was generating a pressure which helped prevent collapse of the structures. It should be mentioned that if the C4F, had not entered the gas vesicles, their 50% collapse pressure would have decreased by 1 bar because purging the air from the suspension would anyway have removed air from the gas vesicles, and it has already been demonstrated that the apparent critical pressure decreases by 1 bar after a suspension has been degassed by evacuation (Walsby, 197 1) .
Since in these experiments, with gentle shaking in the nephelometer tube, 70 % equilibrium was attained between the C4F, in the gas-vesicle and overlying gas space in only 8 min, full equilibrium must have been attained in the Warburg experiments after more prolonged and vigorous shaking. It is, therefore, possible to estimate the proportions of the total gas taken up that (1) entered the gas spaces and (2) was specifically absorbed by the walls of the gas vesicles. Thus, in Warburg experiment 5, for example, where 170 pl C,F, was absorbed after a pressure change of 0.66 atm, 56 pl of this would be present as free gas inside the gas vesicles. The difference, 114 pl at 0.66 atm pressure (equivalent to 3-34 pmol or 668 pg C4F& must be the amount specifically absorbed by the gas vesicles. According to data of Armstrong 8z Walsby (1979), 1 mg of gas vesicle wall encloses 7.67 pl of gas space; the 56 p l of gas space therefore represents 7.3 mg of wall protein and the specific absorption is equivalent to 92 pg of gas per mg protein, when the partial pressure of C4F8 is increased from 0.34 to 1.0 atm.
The peculiar feature of the additional absorption of C,F, is that it occurs with intact but not collapsed gas vesicles. One possible explanation for this is that the C4F, condenses in pores present between protein molecules in the intact vesicles, but that these pores close up when the rounded form of the structure is collapsed to a flattened envelope. Another, perhaps more likely, explanation is that the C4F8 condenses on the hydrophobic inner surface of the intact gas vesicle (Worcester, 1975; Walsby, 1978) , but when the vesicle is collapsed the two halves of the broken structure are pressed together and this inner surface is no longer available for absorption. We have started investigations into the nature of the absorption by studying absorption isotherms of C,F, using freeze-dried gas vesicles, and have confirmed that specific absorption does occur (J. Green, J. M. Haynes & A. E. Walsby, unpublished results) .
It has been shown here that C,F, is able to penetrate the wall of the gas vesicle. When Danielli and Davson (1935) considered the permeability of membranes to small molecules they concluded that 'penetration must in all cases, whether it occurs through a solid or liquid film, take place through an interspace; this is a precondition for penetration accepted at least tacitly, by the advocates of both the pore theory and the solubility theory of permeability.' They considered that such interspaces had a fleeting existence in liquid films where the constituent molecules have great mobility, but in more solid structures it was possible to have pore structures of molecular dimensions with a relatively permanent existence. As mentioned above, the wall of the gas vesicle is a rigid structure in which there can be little mobility of the constituent protein molecules, beyond the vibrational movements associated even with solid structures. It is likely, therefore, that the interspaces penetrated by the C,F, gas molecules constitute pores of fixed position within the gas vesicle wall. These pores must have a minimum diameter of 0.63 nm, the collision diameter of C,F,, and for reasons discussed previously (Walsby, 1972) , it is more likely that they occur between rather than within the constituent protein molecules of the gas vesicle wall.
